Introduction
Alcohol addiction is characterized by a high degree of clinical heterogeneity, which is based on an even greater diversity of the involved neurocircuitries and neuronal systems. Until today, it is not possible to relate unique molecular pathomechanisms to individual patients. However, this goal remains important and carries implications for the development of a successful, individualized treatment algorithm.
The bio-psycho-social model of alcohol dependence suggests that its establishment and manifestation is controlled by a complex interaction of genetics, neurobiology, physiology, and social and environmental characteristics (e.g., chronic stress, lack of control over the putative stressors, degree of coping ability and availability of social support) (Cloninger et al., 1981; Devor and Cloninger, 1989; Knopik et al., 2004; Merikangas et al., 1998; Merikangas and Avenevoli, 2000; Witt, 2007) . The subtle balance of risk and protective factors determines whether an individual develops alcohol addiction.
By the 1970s, studies had shown that the brain is a target tissue for steroidal regulation, indicating a potential role of sex hormone activity in the pathophysiology of psychiatric diseases (Stumpf and Sar, 1976) . There is robust evidence for sex differences in the epidemiology, etiopathology and course of alcohol dependence. This includes the initiation and escalation of the disease, withdrawal, relapse and treatment. With the exception of testosterone, however, the role of sex hormone activity in alcohol addiction has received surprisingly little attention given the close relationship between alcohol-related behavior and the psychological traits that are controlled by sex hormones, such as impulsiveness, aggression (Archer, 1991; Eriksson et al., 2003; von der Pahlen et al., 2002) , antisocial behavior/personality (Buydens-Branchey et al., 1989; Dabbs and Morris, 1990; Moeller and Dougherty, 2001) , sensation seeking (Zuckermann et al., 1980) , harm avoidance and depression (Berner et al., 1986) . Our recent clinical association studies identified links between both alcohol dependence and addictive behaviors and traits such as handedness (Sperling et al., 2000 (Sperling et al., , 2010 , the second-to-fourthfinger length ratio (2D:4D ratio) (Kornhuber et al., 2011) , and genetic polymorphisms of the androgen receptor (AR) (Lenz et al., 2009 (Lenz et al., , 2010 and the enzyme aromatase (CYP19A1) (Lenz et al., 2011a) . These characteristics are associated with both prenatal and lifetime sex hormone exposure, suggesting a common pathophysiological mechanism. Sex hormone activity strongly influences an individual's behavior and the constitution of the brain (Arnold and Breedlove, 1985; Arnold, 2009) . Moreover, sex hormones play important roles in the differentiation of behavioral responses to alcohol. At present, it is not clear to what extent sex hormoneinduced permanent (organizational) and transient (activational) effects, and the complex interaction of these effects, contribute to one's vulnerability to alcohol addiction.
In this article, we review the literature regarding the role of sex hormones in human alcohol dependence, including findings from animal and cell-based models. In addition, we integrate the early sex hormone activity model and introduce a novel perspective for future alcohol addiction research. We argue that the organizational effects of sex hormones sensitize the cerebral reward system to the reinforcing properties of alcohol. Because considerable pharmacological and non-pharmacological strategies already exist, this area of research has implications for the development of future preventive and therapeutic strategies.
Sex differences in alcohol drinking and related effects
Pathological alcohol use is a devastating public health issue. Alcohol consumption is one of the leading preventable causes of death worldwide. The recent ''Global Status Report on Alcohol and Health'' published by the World Health Organization (2011) states that the use of alcohol is responsible for approximately 2.5 million deaths per year. The consequences of alcohol dependence do not exclusively concern the individual, but through the high costs required to treat alcohol-induced disorders, such as pancreatitis, liver disease and neoplasia, affect the community as well.
Research over the past 30 years has revealed distinct gender dimorphisms in alcohol addiction. These differences are related to drinking behavior, the amount of alcohol consumed, the physiological and behavioral consequences of addiction, the metabolism of alcohol, and the underlying molecular pathomechanisms.
Alcohol use and effects
Among humans, males generally drink more alcohol than females and are particularly prone to drinking in excess (Wilsnack et al., 1984) . At the same time, males display less impairment of motor coordination and information processing capacity in response to alcohol (Miller et al., 2009) . They are four times more likely to suffer from weekly episodes of heavy drinking, alcohol abuse, alcohol addiction and related complications than women (Ceylan-Isik et al., 2010; Greenfield and Rogers, 1999; Harford et al., 1992; WHO, 2011; Wilsnack and Wilsnack, 2002) . Alcohol accounts for 6.2% of all deaths in males compared to 1.1% in females. It is the leading lethal risk factor in males between the ages of 15 and 59 years (WHO, 2011) . By contrast, women are more vulnerable to the physiologically harmful effects of excessive alcohol consumption. They experience these detrimental effects more rapidly and more severely than men. As compared with men, women develop alcohol-induced cardiomyopathy, peripheral neuropathy, brain shrinkage and cognitive dysfunction after fewer years of drinking (Hommer, 2003; Prendergast, 2004) . However, women show fewer and less severe withdrawal symptoms, such as tremors and anxiety (Deshmukh et al., 2003; Devaud et al., 2006) .
Although preclinical and clinical findings generally agree, there are also interesting differences. Alcohol preference in free feeding male rhesus monkeys is more stable than in females (Grant and Johanson, 1988) . Male rats are quicker to develop dependence and slower to recover. They suffer from more withdrawal symptoms and greater seizure susceptibility than females (Devaud and Chadda, 2001; Varlinskaya and Spear, 2004) . However, female animals consume more alcohol than males (Chester et al., 2008; Juá rez and Barrios de Tomasi, 1999; Lancaster and Spiegel, 1992; Lancaster et al., 1996; Sluyter et al., 2000; Strong et al., 2010; Tambour et al., 2008) , an effect eliminated by gonadectomy (Almeida et al., 1998; Cailhol and Mormè de, 2001 ). This finding is unexpected, given the previously reported opposite relationship in humans, but suggests that social factors compete with biological mechanisms. Interestingly, these sex differences are not limited to alcohol consumption but also include the initiation and escalation of the use and addiction to illicit drugs, such as cocaine. Sex differences are also found in the context of relapse following periods of abstinence (Becker and Hu, 2008) . These findings indicate that sex hormone activity modulates addictive behavior in general.
Alcohol degradation
Alcohol dehydrogenases (ADHs) and aldehyde dehydrogenases (ALDHs) control hepatic alcohol detoxification by a two-step oxidation of ethanol to acetaldehyde and acetic acid. Acetaldehyde binds to proteins and becomes a Schiff base. Such adducts cause ethanol-linked organ damages (Nakamura et al., 2003) . The rate of alcohol degradation determines the bio-availability of ethanol and acetaldehyde in the brain. Genetic variants of ADHs and ALDHs, which increase acetaldehyde either by a more rapid oxidation of ethanol or a slower oxidation of acetaldehyde, have a protective effect on the risk of alcohol dependence which is presumably due to the highly aversive effect of acetaldehyde (Edenberg, 2007; Mü ller et al., 2010) . Thus, sexual dimorphisms in alcohol degradation are important when attempting to clarify sex differences in alcohol addiction. Dettling et al. (2007) found a higher ethanol degradation rate in healthy women than in men, though the difference disappeared after correction for liver weight. Eriksson et al. (1996) found an association between elevated acetaldehyde and higher estrogen levels in women, which was suggested to account for the sex differences in both prevalence of alcohol addiction and associated harmful effects. In line with preclinical data, these studies indicate that men and women differ in the activity of degradation-related enzymes. Female C3H/He mice show a higher rate of alcohol degradation than males. The administration of estradiol to males increases the activity of relevant enzymes, and testosterone decreases enzymatic activity in females (Kishimoto et al., 2002) . The data on human sex differences in enzymatic activity of hepatic ethanol degradation is, however, inconsistent, because another study found no gender dimorphism of hepatic ADH III activity which is the main form in the liver (Chrostek et al., 2003) . Altogether, most of the studies suggest that sex hormone activity influences the degradation rate of alcohol which might underlie the relationship between sex hormone activity, alcohol addiction and associated harmful effects.
Puberty and maturation: sex hormone activity and alcohol drinking gain importance
The consumption of alcohol increases substantially during late adolescence, a period of distinct sex hormone-driven neurodevelopmental changes. Adolescence is associated with a propensity towards experimentation with addictive substances and an elevated vulnerability to addictive behaviors (Chambers et al., 2003) , suggesting a modifying role of sex hormones in the initiation of alcohol misuse.
As shown by epidemiological surveys in America (Schulte et al., 2009) Hibell et al., 2009; Lavikainen et al., 2008) , boys do not differ from girls in alcohol drinking patterns (e.g., lifetime alcohol use, drunkenness) during early adolescence. However, a plethora of clinical and preclinical studies point to an enhanced vulnerability to developing alcohol addiction during late adolescence (Spear, 2000) . In humans, hazardous patterns of alcohol consumption, such as high-volume binge drinking, alcohol abuse and alcohol dependence, peak at the age of 18-29 in males and 16-39 in females, and decrease thereafter (Hill and Chow, 2002) . Sex-specific patterns concerning alcohol dependence clearly diverge by age 18 (Knopik et al., 2004; Young et al., 2002) , suggesting that the timing and progression of sexual maturation represents an important factor for the initiation of early alcohol abuse. Indeed, epidemiological approaches (Harrell et al., 1998; Lanza and Collins, 2002; Marklein et al., 2009; Tschann et al., 1994; Wilson et al., 1994) and twin studies (Dick et al., 2000) show that boys and girls who mature relatively early are more likely to drink to intoxication and to begin smoking at an earlier age than those who mature later. This result is supported by the finding that the timing of sexual maturation has predictive power for alcohol drinking in late adolescence (Bratberg et al., 2005) . Furthermore, the particular vulnerability to alcohol addictionrelated behavior during puberty is supported by preclinical findings in rodents showing that the acquisition of alcohol selfadministration is more rapid in adolescents than in adults (Bell et al., 2006; Brunell and Spear, 2005; Doremus et al., 2005) .
The link between puberty and alcohol abuse is believed to primarily be the result of social and environmental factors (Fillmore et al., 1995; King et al., 2003) , such as peers, gender roles and expectations. This is a reasonable conclusion given that alcohol facilitates social interactions and sexual behavior, underscoring its utility and attractiveness for human adolescents (Beck and Treiman, 1996; Kuntsche et al., 2005; Mü ller and Schumann, 2011) . The number of friends smoking within the peer group is related to the individual's use of alcohol, cigarettes and marijuana (Marklein et al., 2009) . Lower socioeconomic status and educational levels are associated with higher risk of alcohol-related death, disease and injury. This effect is greater for men than for women (WHO, 2011) . However, these social factors may be superimposed on sex-based biology. Sex differences in alcohol preference and the drinking patterns of rats develop during the early postpubertal period (Lancaster et al., 1996) , suggesting that similar biological mechanisms may underlie sex differences in adolescent alcohol consumption across species (Spear, 2000; Witt, 2007) . There is a great deal of overlap between the excitatory and inhibitory neurotransmitter systems modulated by alcohol (Faingold et al., 1998; Spanagel, 2009 ) and the neuronal excitability induced by sex hormones (Rupprecht and Holsboer, 1999a,b) . For instance, pubertal age and sex hormone activity have been demonstrated to influence the responsiveness of the NMDA receptor (Romeo et al., 2005) and the benzodiazepine/GABA receptor complex to environmental challenge in rats (Primus and Kellogg, 1991) . Importantly, alcohol interacts with both receptors (Spanagel, 2009) . At the level of GABAergic interneurons in the ventral tegmental area (VTA), alcohol-induced effects are followed by a disinhibition of dopaminergic neurons (Sulzer, 2011) , which entails addictive pathology.
Summarizing human and animal studies, it can be concluded that not only social and psychological but also biological sex hormone-linked factors contribute to an elevated risk for the development of pathological addictive behavior during adolescence.
Alcohol-induced effects on brain reinforcement systems
Addictive drugs have the ability to produce long-lasting adaptations in neural systems. The principle underlying addiction appears to be these drugs' capacity to enhance dopamine (DA) release in the mesolimbic pathway (Di Chiara et al., 2004) . This molecular mechanism is believed to play an important role in the reinforcement of drug-seeking and consumption behavior (Sulzer, 2011; Wise, 2002 Wise, , 2004 . The mesolimbic pathway contains dopaminergic neurons. These project from the VTA to the nucleus accumbens, which forms the dominant portion of the ventral striatum (Dalley and Everitt, 2009; Le Moal and Simon, 1991) . Spiraling projections from the nucleus accumbens reach the dorsal striatum via the substantia nigra (SN) (Haber et al., 2000; Porrino et al., 2004) . This pathway was shown to be important for the transition of drug-seeking from a goal-directed to a stimuluscontrolled habitual behavior (Belin and Everitt, 2008; Belin et al., 2009; Everitt et al., 2001) . These neuroanatomical loci have also been shown to be associated with the desire and reward mechanisms that generate psychological states such as ''liking'' and ''wanting'' (Berridge et al., 2010) . Correspondingly, alcohol intake increases DA levels in the nucleus accumbens (Boileau et al., 2003; Di Chiara and Imperato, 1988a) , which is known to be involved in alcohol's reinforcing effects (Diana et al., 1993) .
The reinforcing properties of alcohol vary between men and women, implying that sex hormone activity affects the sensitization of brain reward circuitries to alcohol. This effect may account for the distinct gender dimorphisms in alcohol-induced effects and alcohol addiction. Males and females differ in their mesolimbic response to alcohol. PET studies show that the administration of 1 ml/kg alcohol to healthy humans promotes cerebral DA release with a preferential effect in the ventral striatum (Boileau et al., 2003) . This effect is twice as strong in men as in women. Furthermore, only in males is the striatal DA release correlated with the measures of subjective alcohol-induced activation (Urban et al., 2010) . Moreover, alcohol-induced changes in nucleus accumbens DA levels are negatively associated with later alcohol intake in male but not female rats (Blanchard et al., 1993; Blanchard and Glick, 1995) .
Several direct and indirect mechanisms have been suggested for the alcohol-dependent DA release in the VTA, such as indirect activation of VTA neurons via nicotinic acetylcholine receptors (Ericson et al., 2003) and an increase of VTA glutamate release (Xiao et al., 2009 ). In addition, alcohol modulates GABAergic feedback in the VTA, thereby disinhibiting mesolimbic dopaminergic neurons (McBride et al., 1999; Spanagel, 2009; Sulzer, 2011) . Interestingly, the activation of m-opioid receptors on GABAergic VTA projection neurons is capable of modulating the alcohol-induced DA response. This activation was suggested to be an important mechanism underlying alcohol addiction (Xiao and Ye, 2008) . Appropriately, the m-opioid receptor is primarily responsible for the reinforcing properties of drugs (Contarino et al., 2002; Di Chiara and Imperato, 1988b) .
There is direct evidence from preclinical studies that both androgens (Alderson and Baum, 1981; de Souza Silva et al., 2009; Hernandez et al., 1994) and estrogens (Di Paolo et al., 1985; Lammers et al., 1999; Landry et al., 2002; McEwen, 2002) are able to trigger a DA response in the mesolimbic pathway, in particular in the nucleus accumbens. This action explains the addictive potential of anabolic-androgenic steroids (AAS). Estradiol increases the mesolimbic DA reuptake site density (Morissette et al., 1990; Morissette and Di Paolo, 1993a,b) and the number of D1 and D2 receptors (Lé vesque and Di Paolo, 1991) . Accordingly, ovariectomized rats show altered D2 receptor expression in the striatum (Gordon and Fields, 1989) . These findings are relevant to addiction given that D2 receptor expression is linked to drugseeking behavior (De Vries et al., 2002) . In essence, sex hormones and alcohol converge in their effect of increasing mesolimbic DA release. Potential mechanisms include the hypothalamic-pituitary-adrenal (HPA) and -gonadal (HPG) axes as well as interactions with the endogenous opioid system.
The HPA axis modulates the reinforcing effects of alcohol. The major function of the HPA axis is mediating the organism's physiological reaction to stress. The 21-carbon corticosteroid corticosterone is produced in the cortex of the adrenal gland upon HPA axis activation. In rats, the intravenous self-administration of this hormone has reinforcing properties (Piazza et al., 1993) . The levels of corticosterone associate positively with the amount of alcohol consumed by male rats (Fahlke et al., 1994a (Fahlke et al., , 1995 . Female rats develop higher blood levels of corticosterone than males following alcohol intake (Silveri and Spear, 2004) . This may account for the observation that men require more alcohol than women to achieve a rewarding effect of alcohol (Witt, 2007) .
Furthermore, there is evidence that the opioid system modulates the relationship between sex hormone activity and the reinforcing effects of alcohol. Endogenous opioids and their related receptors are found ubiquitously in the mesolimbic system. The opioid system mediates reward by influencing dopaminergic activity (Trigo et al., 2010) . There is a bidirectional interrelation between sex hormones and the opioid system in that opioids actively affect sex hormone levels and in turn endogenous opioids are passively affected by sex hormones (Section 5.5.2). This is illustrated indirectly by human gender differences with respect to pain and the antinociceptive effects of opioid receptor modulators (Gear et al., 1996a (Gear et al., ,b, 2003 Manson, 2010; Sarton et al., 2000; Zacny, 2001 ). Direct prove is provided by opioid-induced changes of cellular steroid synthesis, gonadal function as well as brain and peripheral sex hormone levels (Amini and Ahmadiani, 2005; Ceccarelli et al., 2006; Jenab and Morris, 2000; Katz and Mazer, 2009; Pirnik et al., 2001 ) and by sex hormone-induced modulation of endogenous opioids and related receptors in preclinical studies (Hammer and Bridges, 1987; Hammer et al., 1993; Pluchino et al., 2009b; Zhou and Hammer, 1995) .
In summary, the reinforcing properties of alcohol are sex specific. Sex hormone activity causes neuroadaptive changes, sensitizing the brain's reward circuitries to the reinforcing properties of alcohol. Pathways mediating these effects include the HPA and HPG axes as well as the opioid system.
3. The addictive potential of sex hormones: the role of anabolic-androgenic steroids AAS, such as testosterone and nandrolone, provide direct proof of the addictive potential of male sex hormones. Testosterone and its synthetic derivatives are used by athletes in order to enhance their performance and appearance (Dyment, 1987; Mü ller and Schumann, 2011) . Several studies report that approximately a third of all AAS users meet the DSM (-III or -IV) criteria for substance dependence (Kanayama et al., 2010) , supporting the idea that male sex hormones are potentially addictive (Brower et al., 1991; Kanayama et al., 2009) . AAS exert psychoactive effects, including reward, euphoria (Kashkin and Kleber, 1989) and aggressive behavior (Kouri et al., 1995; Pope et al., 2000) . Hence, the high comorbidity of AAS use with other addictive disorders (DuRant et al., 1993) , such as alcohol or opioid dependence, is not surprising. AAS users are at particular risk for having an inebriation-oriented lifestyle (Mattila et al., 2010) and for suffering from opioid abuse (Arvary and Pope, 2000; Wines et al., 1999) . AAS withdrawal symptoms are similar to those of opioid withdrawal (Kashkin and Kleber, 1989) and may be provoked by opioid antagonists (Tennant et al., 1988) . Moreover, simultaneous AAS use reduces the threshold for heroin overdose (Thiblin et al., 2000) .
In animal models, repeated infusions of testosterone induce physical and behavioral tolerance, which is one of the major criteria for dependence according to the DSM-IV and ICD-10. Hamsters self-administer testosterone, occasionally even in lethal doses (Wood, 2006) . In male rats, the administration of the AAS nandrolone decanoate effects similar modulation on brain opioid peptides and addictive behavior. It increases b-endorphin levels in the VTA and reduces dynorphin B levels in the nucleus accumbens which hypothetically promotes the rewarding effects of ethanol. And indeed, rats treated with nandrolone decanoate show enhanced voluntary alcohol intake and aggressive behavior (Johansson et al., 1997 (Johansson et al., , 2000 . The administration of the opioid antagonist naltrexone prevents the reinforcing effects of testosterone in a self-administration paradigm (Peters and Wood, 2005) . AAS intoxication in hamsters resembles opiate intoxication, including central nervous system (CNS) depression and reductions in locomotion, respiration and body temperature. These effects can be abolished by naltrexone (Peters and Wood, 2005) . Altogether, several lines of evidence suggest that male sex hormones cause addictive behavior by a mechanism involving the opioid system. 4. The sex hormone axis: from the hypothalamus to cellular effects
The hypothalamic-pituitary-gonadal axis
In general, the term ''sex hormone'' is used as a synonym for ''sex steroid'', ''gonadal steroid'' and ''gonadal hormone''. Gonadal sex hormones are androgens, estrogens and progestagens. However, they are not only produced in the gonads but also in the cortex of the suprarenal gland and in placental tissue. Their secretion is regulated by a hierarchy of hypothalamic and pituitary hormones (Fig. 1) . Gonadotropin-releasing hormone (GnRH) is synthesized and released from neurons within the hypothalamus.
It induces the secretion of luteinizing hormone (LH) and folliclestimulating hormone (FSH) from the anterior pituitary. These two hormones regulate the levels of sex hormones which are derived from cholesterol in the male testes, the female ovaries and in small amounts in the adrenal glands (Fig. 2) . Testosterone is the male sex hormone and has anabolic properties, such as the growth of muscle, bone and body hair. It is reduced into dihydrotestosterone (DHT) (Bruchovsky and Wilson, 1968) , which increases its affinity to the AR. Estrone and estradiol influence reproductive and sexual functioning in men and women and affect other organs, such as the bones. Progesterone regulates the female menstrual cycle and pregnancy.
Alcohol interferes with sex hormone activity by promoting the aromatization of androgens during estrogen biosynthesis (Purohit, 2000) . It therefore influences the androgen/estrogen ratio. However, there are several other mechanisms that mediate the relationship between alcohol intake and sex hormones. These are described below in further detail (Section 5.3).
Cellular signaling of sex hormones
The term ''sex hormone axis'' as used here includes the HPG axis and the units necessary for the cellular down-stream signaling of sex hormones, such as sex hormone receptors, biosynthesis and degradation. To fully appreciate neuronal responses to sex hormones, we need to understand the intricate regulation of the enzymes that catalyze their metabolism and the complex modulation of their receptors. As such, sex hormone signaling may be impaired at a minimum of six different levels: biosynthesis, receptor binding, tissue responsiveness, receptor activity, transcription and translation (Carruthers, 2008) .
Two different mechanisms of cellular sex hormone activity are known. The classical ''genomic'' mechanism is the entry of sex hormones into cells by passive diffusion, where they allosterically activate their specific nuclear receptor(s). Testosterone binds to the AR, estrogen binds to either nuclear estrogen receptor 1 (ESR1) or 2 (ESR2) (Mosselman et al., 1996; Walter et al., 1985) , and progesterone binds to the progesterone receptor (PR) (Mani, 2006) . Each sex hormone receptor shows a specific expression pattern in different brain tissues. For instance, ARs were found in the human and rat hippocampus (Beyenburg et al., 2000; Kerr et al., 1995) , and in the VTA, the SN and other midbrain neurons projecting to the nucleus accumbens in rats (Creutz and Kritzer, 2004; Kritzer, 1997) . ESRs are widely distributed in dopaminergic midbrain neurons (Creutz and Kritzer, 2002) areas associated with learning and memory (Shughrue et al., 1997) . Following conformational changes, the sex hormone-receptor complex is translocated into the cell nucleus where it binds to appropriate hormone response elements on the DNA. This complex subsequently affects the transcription of specific genes (O'Malley and Tsai, 1992) . The transcriptional activity of sex hormonereceptor complexes is influenced by their functional and structural interaction with a multitude of different co-activators, indicating that a wide range of cellular functions and signals converge on the sex hormone axis (Heemers and Tindall, 2007) . For instance, DA signaling was reported to converge with sex hormone-initiated pathways (Mani, 2006) . Intriguingly, these co-factors are capable of regulating transcription via binding to specific DNA sequences. In this way, they enable the sex hormone-receptor complexes to induce gene expression independently of their specific genomic hormone-response elements (Uht et al., 1997) . A further level of complexity is the direct interaction between androgen and estrogen signaling during the early postnatal period. Estradiol regulates the expression of the AR in the developing forebrain of male rats (McAbee and Doncarlos, 1999) . In addition to the genomic mechanism of sex hormone signaling, recent studies have demonstrated a ''non-genomic'' mode at the membrane surface. Sex hormone activity influences the responsiveness of the benzodiazepine/GABA receptor complex to environmental challenge in rats (Primus and Kellogg, 1991) . In addition, ESRs interact with metabotropic membrane-localized receptors (Boulware and Mermelstein, 2009; Kelly et al., 2003; Mermelstein and Micevych, 2008; Mermelstein, 2009) . ARs regulate the activity of different kinases and control the phosphorylation of intracellular proteins, influencing their molecular activity (Bennett et al., 2010) . 17b-Estradiol stimulates the membrane estrogen receptor (Gq-mER), thereby activating phospholipase C. This subsequently results in the up-regulation of protein kinase A and C (Roepke et al., 2009 ). These non-genomic and more rapid mechanisms may explain why some sex hormoneinduced effects are incompatible with the slower time course of genome-initiated events (Foradori et al., 2008; Papadopoulou et al., 2009 ).
Sex hormones have been shown to potently modulate the neurotransmitter systems that are associated with the brain's reward circuitry via intracellular (genomic) and membrane-bound (non-genomic) receptor-mediated mechanisms (Zheng, 2009 ). These effects may contribute to the neuronal mechanisms by which sex hormone activity regulates addiction-related behaviors. structural and functional changes of the body and brain, with subsequent long-term behavioral effects. For example, girls and boys differ in the rate at which gray and white brain matter grow during puberty (De Bellis et al., 2001; Giedd et al., 1999 Giedd et al., , 2006 Giedd et al., , 2009 Lenroot and Giedd, 2006; Lenroot et al., 2007) , a fact that might be explained by the neurotrophic roles of androgens in promoting fiber outgrowth and sprouting (Morse et al., 1992) . Organizational effects are not only caused by testosterone but also by estradiol, which is formed from the aromatization of androgens (de Jonge et al., 1988; Schulz et al., 2009a) . Research in the 1970s demonstrated a maximally sensitive period for organizational effects of sex hormones during late prenatal and early neonatal development (Baum, 1979; Schulz et al., 2009a) . New clinical and preclinical studies indicate that the period of sex hormonedependent organization does not end until adulthood. In addition to the pre-and perinatal periods, adolescence, during which children become adults at intellectual, physical, hormonal, and social levels, is a period of elevated vulnerability. An investigation using a test of spatial cognition in which men normally perform better than women reported that males who were exposed to low levels of sex hormones before puberty performed worse when compared to those with normal pubertal exposure. Similarly, males with low prepubertal sex hormone levels performed worse than those who developed hypogonadotropic hypogonadism during adulthood (Hier and Crowley, 1982) . These findings underscore that puberty represents a period of sensitivity to the organizational effects of sex hormones. This association was further confirmed by results from the Syrian hamster model that suggested a causal relationship; castration prior to puberty causes a reduction in aggressive behavior that cannot be restored even by prolonged testosterone replacement in adulthood (Schulz et al., 2004) . In addition, there are several rodent studies that provide evidence for the organizational effects of sex hormones during puberty (Eichmann and Holst, 1999; Pellis, 2002; Shrenker et al., 1985) . Because early exposure has a greater impact on behavior than later exposure, it appears that organizational mechanisms are relevant from early gestation until adulthood, with steadily decreasing sensitivity (Schulz et al., 2009a,b) (Fig. 3) . In summary, the organizational effects of sex hormones may both potentiate and limit human behavioral and cellular responses to adult sex hormone exposure (Lenz and McCarthy, 2011) , thereby setting the parameters within which postpubertal sex hormones operate.
Effects that are reversible and directly mediated by sex hormones are termed ''activational''. For example, androgens prevent heat-shock-induced hyperphosphorylation of the tau protein (Papasozomenos, 1997) . However, the distinction between the activational and organizational effects of sex hormones is not absolute (Arnold and Breedlove, 1985) . For instance, androgens have been reported to protect against oxidative stress (Ahlbom et al., 2001 ) and apoptosis (Hammond et al., 2001) . It is not possible to determine whether these effects are due to the activational or organizational effects of sex hormones.
In summary, sex differences reflect the complex interaction between the permanent organizational and transient activational effects of sex hormones (Arnold, 2009; Sisk and Zehr, 2005; Weinberg et al., 2008) . The available evidence suggests that the organizational effects of sex hormones contribute to the development of alcohol addiction via the sensitization of brain reward circuits to alcohol-induced reinforcement.
The hypothalamic-pituitary-gonadal axis and alcohol addiction
Sex hormone levels affect voluntary alcohol intake. In turn, alcohol consumption alters sex hormone levels. Hence, the relationship between sex hormones and alcohol consumption is bidirectional. This implies that the impact of one factor on the other may shift during the course of alcohol addiction ( Fig. 4a and b) .
Human studies
In healthy male college students, higher testosterone levels are associated with increased alcohol consumption (La Grange et al., 1995) . Males with high testosterone levels are more frequently intoxicated, more likely to binge drink and more frequently diagnosed with alcohol dependence than males with low testosterone levels (Eriksson et al., 2005; Suzuki et al., 2009) . Accordingly, in dependent populations, alcohol abstinence cooccurs with elevated testosterone, estradiol and LH concentrations (Hasselblatt et al., 2003; King et al., 1995) . Interestingly, the effects of alcohol withdrawal and tobacco on testosterone levels are cumulative. Extensive smoking of alcohol-dependent patients leads to an additional increase in testosterone levels during withdrawal (Walter et al., 2007) , indicating a common pathophysiological mechanism. However, the majority of human addiction studies have primarily focused on male patients. There are few clinical trials that have attempted to illuminate the sex hormone/ alcohol dependence relationship in women. Both higher testosterone and estradiol levels are associated with a greater likelihood of current alcohol use in adolescent, pre-and postmenopausal women (Martin et al., 1999; Muti et al., 1998; Purohit, 1998) . Similarly, long-term use of oral contraceptives (!5 years) is linked to increased alcohol consumption (Lund and Jacobsen, 1990) . Women with unaltered menstrual cycles who are social drinkers report more frequent solitary drinking at menstruation, a relationship not present in women taking oral contraceptives (Sutker et al., 1983) . Two studies showed higher alcohol consumption in the post-and intermenstrual phases (days 7-21) (Harvey and Beckman, 1985; Lindman et al., 1999) , although another study failed to reproduce this finding (Holdstock and de
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Puberty Adulthood Childhood Adolescence Gestation Human male testosterone level Brain sensitivity to organizational effects of sex hormones Wit, 2000). In addition, premenstrual syndrome (PMS), which commonly occurs during the luteal phase, is similarly related to increased alcohol use (Mello et al., 1990) . The luteal phase (days 15-28) is characterized by a reduced ability of rewarding conditions to activate the midbrain and the left fronto-polar cortex (Dreher et al., 2007) , factors that may account for the increase in alcohol intake during this period. PMS is suggested to be provoked by a decline of b-endorphin (Giannini et al., 1990) , suggesting a further link between elevated alcohol intake and the human opioid system. The luteal phase is associated with elevated progesterone levels. Given that females with high estradiol levels are more likely to drink alcohol (Martin et al., 1999; Muti et al., 1998) , this is incompatible with the idea that estradiol and progesterone exert opposing behavioral effects. However, there is evidence that the effects of progesterone, which modulates addictive behaviors, depend on the administered dose and the length of treatment (Quinones-Jenab and Jenab, 2010) . Acute and chronic alcohol consumption induces alterations of peripheral sex hormone levels in humans. The effects are dosedependent. Healthy males show increased peripheral testosterone levels following intake of a low dose of alcohol . By contrast, acute alcohol intoxication decreases peripheral testosterone levels (Frias et al., 2000 (Frias et al., , 2002 Mendelson et al., 1977) . Similarly, many studies have consistently demonstrated an association between chronic alcohol abuse and reduced peripheral testosterone levels in males (Maneesh et al., 2006; Muthusami and Chinnaswamy, 2005) . This effect can reverse during and following withdrawal (Castilla-García et al., 1987; Heinz et al., 1995; Vä limä ki et al., 1984) . However, Walter et al. (2007) found no significant differences between alcohol-dependent patients and healthy controls in free testosterone levels at the onset of withdrawal. With respect to alcohol-induced changes of LH and FSH, clinical studies report findings which differ between acute and chronic alcohol intake. Some have reported levels of these hormones to be decreased in acute alcohol intoxicated males (Frias et al., 2002) , an effect that was explained by the inhibition of the secretion of the hypothalamic GnRH and/or pituitary LH (Hiney and Dees, 1991) . Alternatively, several authors have found increased LH and FSH levels in alcohol-dependent patients and interpret their finding as a negative feedback mechanism that follows alcohol-induced damage of the Leydig and Sertoli cells (Heinz et al., 1995; Lindholm et al., 1978; Muthusami and Chinnaswamy, 2005; Orpana et al., 1990; Van Thiel et al., 1983 . In contrast to the alcohol-induced effects on sex hormones in males, low-dose alcohol intake (Eriksson et al., 1994) as well as acute alcohol intoxication in women is related to increased plasma testosterone levels (Frias et al., 2000 (Frias et al., , 2002 Sarkola et al., 2000) .
Altogether, the relationships between human alcohol consumption, drinking cessation, testosterone, estradiol and progesterone are complex.
Limitations of human association studies
Clinical association trials examining the relationship between sex hormones and alcohol drinking should be interpreted carefully. The following points should be considered: gender and the degree of sexual maturation of the research participants; the circadian and seasonal rhythms of sex hormone secretion; the variance in the acute and chronic effects of alcohol consumption; the phenomenological heterogeneity of alcohol addiction; and the potential for bidirectionality in associational study designs.
The effects of alcohol on the HPG axis have to be considered relative to the gender investigated. Human and animal studies show that alcohol intoxication increases testosterone levels in females, whereas it induces a decrease in males (Forquer et al., 2011; Frias et al., 2002) . In addition, the degree of sexual maturation impacts alcohol-induced alterations of sex hormones. Alcohol administration reduces testosterone levels in sexually mature male rats and increases them in sexually immature rats (Little et al., 1992) . Sex hormone levels depend on circadian and seasonal rhythms. For instance, there is an increase in human male testosterone, LH and FSH during the summer (Dabbs, 1990a,b; de la Torre et al., 1981; Maes et al., 1997; Meriggiola et al., 1996) . Moreover, studies vary in whether they measure free or total testosterone or the sex hormone binding globulin (SHBG). However, free testosterone is the biologically active fraction and closely reflects clinical situations (Vermeulen et al., 1999) . It should also be considered that the effects of alcohol vary depending on whether an individual abuses alcohol acutely or chronically. However, the majority of controversial results in alcohol addiction research are most likely due to the high degree of the phenomenological and etiopathological heterogeneity of the clinical diagnosis, ''alcohol dependence'' according to DSM-IV or ICD-10 (cf., different typologies, e.g., Babor et al., 1992; Cloninger et al., 1981; Cloninger, 1987; Jellinek, 1960; Lesch et al., 1988; Schuckit and Irwin, 1989) . Therefore, individuals with the ''same'' alcohol dependence may suffer from different pathologies. Studies should include large sample sizes to investigate heterogeneous groups of patients and to sufficiently consider the subtypes of alcohol addiction. Finally, determining causal relationships or even assigning the direction of an association from correlational clinical studies is challenging. This is particularly relevant when speculating on the direction of the link between sex hormones and addiction-linked behavior. Although sex hormones modulate behavior in social interactions, aggressive actions were shown to affect androgen levels vice versa (Zitzmann and Nieschlag, 2001 ).
Animal studies
One advantage of animal studies is that they allow the clarification of whether associations derived from human trials reflect causal relationships. As described in the following section, most of the relationships that have been demonstrated in humans are supported by investigations in primates and rodents. Hence, the relationship between sex hormones and alcohol intake varies both according to the gender and to the direction studied (sex hormones!alcohol or alcohol!sex hormones).
Males from alcohol-preferring rat lines have higher serum testosterone levels than non-preferring lines (Apter and Eriksson, 2003) . The administration of testosterone to castrated male rats increases the degree of alcohol preference. In comparison with controls, progesterone does not impact alcohol preference in castrated male rats (Lakoza and Barkov, 1980) . The effects of estradiol on alcohol intake in male rodents depend on the duration of administration. Acute estradiol benzoate treatment reduces voluntary alcohol consumption in rats (Juá rez et al., 2002) . Administration of estradiol benzoate over 49 days has no effect (Lakoza and Barkov, 1980) , whereas administration of 17b-estradiol over 60 days elevates voluntary alcohol consumption in mice (Hilakivi-Clarke, 1996) . It is therefore suggested that estradiol initially produces an aversion followed by a gradually developing preference for alcohol (Marinelli et al., 2003) . In most cases, behavioral experiments do not include female animals because the cyclic fluctuations of sex hormones cause ''noise'' in the data. This is due to variability associated with estrus, which requires great effort to be managed from an experimental standpoint. Nevertheless, the parallel investigation of both genders is indispensable, particularly because of certain sex differences in behavioral tests (Johnston and File, 1991) . Female mice that are seizure-resistant during alcohol withdrawal show increased testosterone levels during periods of abstinence, an effect that is not observed in mice that are seizure-prone during withdrawal (Forquer et al., 2011) . Therefore, the individual's genotype is an important determinant of sex hormone responses during abstinence. The effects of estradiol in females are similar to those of males. The acute injection of estradiol causes a cessation of alcohol intake in female rats. Consumption returns to baseline during continued daily administration over 14 days . However, the effects of a continuous exposure to estradiol are equivocal. Whereas one study reported a decrease in voluntary alcohol intake following 60 days of 17b-estradiol administration in female mice (Hilakivi-Clarke, 1996) , another showed that the injection of estradiol valerate, a long-acting estrogen, increases alcohol preference of female rats (Marinelli et al., 2003) . Alcohol intake reaches its minimum on the days of proestrus and estrus (Forger and Morin, 1982; Roberts et al., 1998) , corresponding to the acute effects of estradiol. Female macaque monkeys self-administer lower levels of alcohol at menstruation when compared to the mid-cycle or luteal phases, both periods of elevated estradiol and progesterone levels (Mello et al., 1986) . These data suggest that the individual's sex hormone pattern has predictive value for alcohol intake and presumably for the development of alcohol addiction.
While sex hormones can determine alcohol preference and consumption, alcohol feeds back on the sex hormone axis once it is consumed. This effect was measured in animals following alcohol administration. The administration of alcohol to animals causes gender-, dose-and tissue-specific alterations in testosterone levels. Acute alcohol intake results in a dose-related decrease of plasma testosterone concentrations during the mating season in dominant male monkeys (Winslow and Miczek, 1988) . Furthermore, a high dose of alcohol (1.5 g/kg) decreases peripheral testosterone levels in male rats (Cicero and Badger, 1977; Eriksson et al., 1983) . Interestingly, this effect is more pronounced in alcohol non-preferring than in alcohol-preferring animals (Apter and Eriksson, 2003) . Similarly, continuous daily administration of 3.75 g/kg of alcohol over 5 days decreases serum testosterone levels in mature male rats (Babichev et al., 1989) . Alcohol inhibits the production of testicular testosterone through independent mechanisms in diverse pathways, such as nitric oxide (NO) synthesis (Adams et al., 1993) , the opioid system Eriksson, 2003, 2006; Cicero et al., 1989; Emanuele et al., 1998) and adrenergic-dependent signaling (Rivier, 1999) . However, there is evidence that alcohol-induced effects on testosterone levels depend on the applied alcohol dose, the tissue and the sex investigated. The low-dose effect of alcohol is ambiguous, as studies have reported increased (Cicero and Badger, 1977) and reduced (Apter and Eriksson, 2003) testosterone levels. Contrary to the findings regarding peripheral sex hormones, Alomary et al. (2003) reported a 4-fold elevation of testosterone in the frontal cortex of male rats following a high dose of alcohol (2.0 g/kg). With respect to females, acute alcohol-intoxicated mice that are prone to seizures during withdrawal exhibit increased testosterone levels, whereas mice that are seizure-resistant during withdrawal do not (Forquer et al., 2011) .
The relationship between the hypothalamic-pituitary-gonadal axis and alcohol addiction
Taken together, animal studies support and extend the reported relationships between the HPG axis and alcohol addiction observed in humans. These studies show that sex hormones influence alcohol-related behavior in different ways. Androgens and estrogens determine alcohol preference and drinking. These hormones may also induce tolerance and sensitization. Once alcohol is consumed, however, it feeds back on sex hormone activity and may subsequently affect the future influence sex hormones have on drinking behavior. The bidirectional relationship between sex hormones and alcohol dependence indicates that the role of sex hormones may change during the course of alcohol dependence. Fig. 4a and b summarizes the current knowledge of the relationship between alcohol and sex hormones in females and males. The intricate interaction of testosterone, estradiol and progesterone further complicates the prediction of how endocrinological profiles affect addictive behaviors. A knowledge of this process will require further studies on the role of sex hormone activity during the different stages of alcohol dependence, such as initiation, maintenance, withdrawal, treatment outcome and relapse.
The modulating functions of the hypothalamic-pituitary-adrenal axis and the opioid system
The bidirectional relationship between alcohol dependence and the HPG axis is modulated by other mechanisms, such as the opioid system Eriksson, 2003, 2006; Cicero et al., 1989; Emanuele et al., 1998) and the HPA axis Eriksson, 2003, 2006; Rivier, 1999) . Both systems are implicated in the reinforcing properties of alcohol and their modifying effects on alcohol consumption are beyond doubt (Fahlke et al., 1994a (Fahlke et al., ,b, 1995 Gianoulakis, 2001; Heilig and Koob, 2007; Koob et al., 1998; Lamblin and De Witte, 1996; Piazza et al., 1993; Trigo et al., 2010) .
b-Endorphin and the adrenal corticotropin hormone (ACTH) share the same precursor protein with pro-opiomelanocortin (POMC).
Both b-endorphin and ACTH are co-stored in cells of the anterior pituitary gland and are co-released in response to various stimuli (Guillemin et al., 1977; Weber et al., 1979) . The two following sections briefly outline the simultaneous impact of the HPA axis and the opioid system on the relationship between sex hormone activity and alcohol intake.
The hypothalamic-pituitary-adrenal axis
The human HPA axis represents a complex interaction between the brain, the anterior pituitary gland and the adrenal cortex. This axis includes corticotropin-releasing hormone (CRH), POMC, ACTH and glucocorticoids, such as cortisol (in humans) and corticosterone (in rats) (Goeders, 2002) . CRH is synthesized and released from neurons of the hypothalamic paraventricular nucleus. It stimulates the anterior pituitary to secrete ACTH, which in turn enhances the release of cortisol and corticosterone from the adrenal cortex (Guillemin et al., 1977; Weber et al., 1979) . The interaction between the HPG and HPA axes is bidirectional and occurs at several levels (Patchev et al., 1995; Rivier and Rivest, 1991; Viau, 2002) . This is illustrated indirectly by sexual dimorphisms of HPA responsivity and directly by sex hormoneinduced modulation of the HPA axis. The increase of ACTH following the administration of CRH is greater in women than in men (Gallucci et al., 1993; Heuser et al., 1994) . In contrast, psychological stress induces greater HPA axis responses (ACTH and cortisol) in adult men than in women (Kirschbaum et al., 1995a (Kirschbaum et al., , 1999 Uhart et al., 2006) . This sexual dimorphism was also shown in the elderly (Kudielka et al., 1998) and acutely depressed psychiatric in-patients (Kü nzel et al., 2003) . Women treated with 5-dehydroepiandrosterone (5-DHEA) show ACTH responsivity similar to men (Kudielka et al., 1998) . The use of oral contraceptives (monophasic formulas of ethinylestradiol, <50 mg)
attenuates the cortisol response (Kirschbaum et al., 1995b (Kirschbaum et al., , 1999 . Moreover, these effects differ depending on the stage of the menstrual cycle, with a peak observed during the luteal phase (Kirschbaum et al., 1999) .
It is well established that the HPA axis plays a role in the onset and time course of alcohol dependence. Alcohol addicts exhibit lower ACTH and cortisol levels and blunted pituitary ACTH and cortisol responses to exogenous CRH administration. This impairment may account for the reduced response to non-alcoholinduced stress in alcohol-dependent patients Wand and Dobs, 1991) . The pathological HPA axis response is not limited to actively drinking individuals, but persists into periods of abstinence (Lovallo et al., 2000; Vescovi et al., 1997) . Moreover, recent studies report that childhood trauma, neglect and poor parent-child attachment influence alcohol, cocaine and heroine dependence by modulating adult ACTH and cortisol levels (Gerra et al., 2008; Schä fer et al., 2010) . This indicates that early ''hits'' cause silent alterations of the HPA axis, which become relevant for addictive behavior during adulthood. In rats, maternal behavior controls the offspring's epigenetic programming of the glucocorticoid receptor (Weaver et al., 2004) . Thus, we suggest that sex hormones trigger epigenetic alterations early in life (Kumar and Thakur, 2004; Singh and Prasad, 2008) which may account for an individual's predisposition to addictive behavior in later life. Additionally, preclinical findings underscore the role of the HPA axis in alcohol dependence. In rats, the level of corticosterone, a 21-carbon corticosteroid produced in the cortex of the adrenal gland, is positively associated with the amount of alcohol consumed (Prasad and Prasad, 1995) . Adrenalectomy protects against the development of alcohol preference and decreases alcohol consumption (Lamblin and De Witte, 1996) . Moreover, the administration of corticosterone restores the intake of alcohol to the preoperative level (Fahlke et al., 1994a) .
Conversely, the application of metapyrone, which suppresses corticosterone synthesis, reduces alcohol consumption in highpreferring rats (Fahlke et al., 1994b) .
Alcohol consumption in turn modulates the HPA axis. In humans, acute alcohol intoxication produces an increase in ACTH and cortisol levels, with females demonstrating a higher responsivity than males (Frias et al., 2002) . This sexual dimorphism corresponds to findings from rodents where the HPA response to alcohol depends on estrogens rather than androgens (Ogilvie and Rivier, 1997) .
Furthermore, the HPA axis is linked to the opioid system; there is a positive dose-response relationship between naloxone antagonism of the opioid receptor and peripheral ACTH levels (Mangold et al., 2000) . This mechanism underlies a gender dimorphism, namely that females show greater hormonal reactivity than males following administration of naloxone and naltrexone (Roche et al., 2010; Uhart et al., 2006) .
The opioid system
Opioids are the most effective and widely used drugs for the treatment of severe pain. Both the intended and the undesirable side effects are gender-dependent. Clinicians fear their addictive potential and the rapid development of tolerance. The relationship between the opioid system and the HPG axis is bidirectional and plays an important role in the modulation of addictive behavior and the pathology of alcohol dependence.
Endogenous opioids are grouped into three major classes: endorphins, enkephalins and dynorphins. These bind to their membrane-bound, cognate G protein-coupled receptors (d, k, m, nociceptin). A strong interaction between the sex hormone axis and the opioid system is beyond doubt. This connection is illustrated indirectly by sex differences in the prevalence, perception and treatment outcome of human pain. Direct evidence for the connection between sex hormones and the opioid system is shown by sex hormone-dependent results following experimental modulation of endogenous opioids in rodents. Compared to men, women have a higher prevalence of severe pain conditions (Manson, 2010) . Females report a greater antinociceptive benefit from lower doses of m-and k-opioid receptor modulators. This effect occurs with a slower speed of onset and offset in women (Gear et al., 1996a (Gear et al., ,b, 2003 Sarton et al., 2000) . Following intravenous application of morphine, women score higher than men on scales measuring sensations such as ''coasting (spaced out)'', a ''heavy or sluggish feeling'' and ''dry mouth'' (Zacny, 2001) . During the first postoperative days, males require higher doses of opioids (Chia et al., 2002) . Interestingly, opioids may act as full agonists in men while functioning as antagonists in women under identical conditions (Barrett, 2006) . Molecular gender differences derived from preclinical studies underlie these clinical sexual dimorphisms. The spinal cord cells of male rats express higher levels of m-opioid receptors in comparison to females, and the depletion of sex hormones produces opposite effects depending on the sex (Kren et al., 2008) . In gonadectomized rats, testosterone administration leads to a greater response of b-endorphins in the female compared to the male brain (Pluchino et al., 2009b) .
Estradiol and progesterone increase levels of both cerebral mopioid receptors and circulating b-endorphins (Hammer and Bridges, 1987; Hammer et al., 1993; Pluchino et al., 2009b; Zhou and Hammer, 1995) . Correspondingly, the natural selective estrogen receptor modulator (SERM) DT56a enhances b-endorphin levels in the hippocampus, the hypothalamus, the neurointermediate lobe and the anterior pituitary (Pluchino et al., 2009a) .
Opioids modulate sex hormone levels in turn. Both clinical and preclinical studies show that acute and chronic administration of opioids for either addiction or chronic pain decreases male and female gonadal hormone levels in plasma and the brain. The resulting hypogonadism may reach castration level and thus cause common undesirable side effects, such as amenorrhea, galactorrhea, impotency, infertility, loss of libido and potency, fatigue, depression and anxiety (Abs et al., 2000; Aloisi et al., 2009; Ceccarelli et al., 2006; Katz and Mazer, 2009; Rajagopal et al., 2003; Roberts et al., 2002 ). There are reports of different pathways that may account for the impact of opioids on central and peripheral sex hormones. Morphine activates the 5-a reductase II (SRD5A2) enzyme and therefore enhances the metabolism of testosterone to DHT and 3alpha-diol glucuronide in rat brains (Amini and Ahmadiani, 2005) . Moreover, opioids exhibit a direct inhibitory action on the testes and the adrenals, thus causing the peripheral reduction in sex hormone levels (Jenab and Morris, 2000; Pirnik et al., 2001 ).
The role of the endogenous opioid system in the onset and course of human alcohol dependence has been studied and reviewed extensively, and its role in modulating addictive behavior is firmly established (Kimura and Higuchi, 2011; Kranzler and Edenberg, 2010; Miranda et al., 2010; Oswald and Wand, 2004; Stacey et al., 2009 ). In particular, increased alcohol intake under stimulation of the endogenous opioid system may be due to an altered palatability of alcohol (Coonfield et al., 2002) . However, more general hedonic properties have also been suggested (Kelley et al., 2002) . Knockout mouse models for either b-endorphin or mor d-opioid-receptors show altered patterns of alcohol consumption and preference (Grahame et al., 1998; Roberts et al., 2001) . The opioid system is already a pharmacological target for the treatment of human alcohol dependence. The opioid antagonist naltrexone reduces the risk for relapse following cessation of drinking (Rö sner et al., 2010) . This drug is effective, safe and approved for the treatment of alcohol dependence worldwide, including the USA, Europe and Australia. In addition to daily oral application, there are extended-release injectable formulations available in several countries. Opioid antagonists have been shown to eliminate or at least reduce alcohol's reinforcing properties and self-administration in humans (Davidson et al., 1999; Volpicelli et al., 1992) and rats (Davidson and Amit, 1997a,b; Froehlich et al., 1990; Krishnan-Sarin et al., 1995a ,b, 1998 Nizhnikov et al., 2006; Stromberg et al., 1998) . Moreover, the relationship between the opioid system and alcohol is bidirectional; alcohol intake induces the release of peripheral and mesolimbic b-endorphin and other endogenous opioids, as demonstrated in clinical (Frias et al., 2000 (Frias et al., , 2002 and preclinical studies (Boyadjieva and Sarkar, 1997; De Waele et al., 1992; De Waele and Gianoulakis, 1993; Olive et al., 2001; Rasmussen et al., 1998) .
The interplay between the opioid system, addiction and the HPG axis is further influenced by environmental factors. The alcohol-induced facilitation of social contacts in adolescent rats is mediated by m-opioid receptor-dependent signaling, either by altered release of endogenous opioids or by changes in receptor sensitivity (Varlinskaya and Spear, 2009 ). Social interactions per se can have rewarding effects (Panksepp and Lahvis, 2007 ) that contribute to the reinforcing properties of alcohol (Mü ller and Schumann, 2011) . This involves the activation of the mesolimbic DA system and the nucleus accumbens (Gianoulakis, 1996; Herz, 1997) . Interestingly, the ''social effect'' of alcohol gradually declines during the adolescent period Spear, 2002, 2006) , reminiscent of the organizational effects of sex hormones. Indeed, the function of the opioid system is affected by the organizational effects of sex hormones. The timing of gonadectomy influences the effects of opioid analgesia in rats (Bodnar and Kest, 2010) . Whereas castration of adult female and male rats does not alter their sensitivity to morphine, castration during the early postnatal period shifts the male dose-response curve towards the female curve. Moreover, females masculinized by large doses of testosterone show a dose-response curve similar to that of normal males (Cicero et al., 2002) . Given that the organizational effects of sex hormones affect the opioid system, and assuming that the opioid system is involved in the etiopathogenesis of alcohol addiction, these findings support the view of a causal relationship between early sex hormone exposure and development of alcohol dependence.
In summary, both alcohol and testosterone converge in their rewarding effects by modulating opioid signaling in the mesolimbic pathway. Whether those effects are cumulative, complementary, or independent is not completely clear and should be a focus of future research.
Sex hormones, impulsivity and alcohol intake: a complex and farreaching interaction
Sex hormones promote the differentiation of behavioral traits like impulsivity. Though the exact categorization is controversial, it includes several sex hormone activity-linked behavioral traits, such as aggression, novelty and sensation seeking and harm avoidance. The multidimensional, psychological construct of impulsivity is an important determinant in alcohol dependence (Lejuez et al., 2010) . Because such behaviors are linked to alcohol drinking across cultures (Caspi et al., 1996; Fergusson et al., 1995; Potenza and de Wit, 2010; Pulkkinen and Pitkä nen, 1994) , they are considered valid risk factors, particularly in boys (Rose, 1998) .
The extent of aggressive, novelty-seeking and harm-avoidance behavior is affected by testosterone (Ehrenkranz et al., 1974; Soler et al., 2000) . There is evidence of an interaction between activities of sex hormones and cerebral monoamine neurotransmitters in impulsivity. Low levels of the main metabolite of serotonin 5-hydroxyindoleacetic acid (5-HIAA) and high concentrations of testosterone in cerebrospinal fluid were found in alcoholic, impulsive and antisocial offenders (Virkkunen et al., 1994) . Functional interplays between testosterone levels, a SNP (rs79874540) coding for a stop codon in the 5-hydroxytryptamine (serotonin) receptor 2B (HTR2B) (Bevilacqua et al., 2010 ) and a repeat polymorphism in the promoter of the monoamine oxidase A gene (MAOA-LPR) (Sjö berg et al., 2008) have been associated with impulsive and antisocial behavior. In addition, several clinical studies have identified genetic variants within the sex hormone axis that are associated with alcohol addiction-linked personality traits. For instance, the genetics of the ESR1 gene (e.g., the TA polymorphism and the SNP rs722207) and of the AR are related to the extent of harm-avoidance (Gade-Andavolu et al., 2009; Giegling et al., 2009) , anxiety (Prichard et al., 2002) and antisocial behavior (Prichard et al., 2007) . These results should strongly encourage future studies on genetic variants within the sex hormone axis that are associated with impulsivity and the role of these variants in alcohol dependence.
Cellular effects of sex hormone activity and alcohol addiction
The relationship between alcohol dependence and sex is well established. Here, we propose that the sex hormone axis triggers neuroadaptive changes that sensitize the brain to the reinforcing properties of alcohol. Although these aspects have received less attention, the sex hormone axis includes other functionally appreciable units, such as related receptors and the biosynthesis and degradation of sex hormones. Approximately 50% of the variance in human testosterone level can be explained by heritable genetic factors (Hoekstra et al., 2006; Vanbillemont et al., 2010) . Interestingly, genetics exerts a stronger influence on the development of alcohol dependence in men than in women (McGue et al., 1992) . Against this background, Table 1 was designed to present a partial list of the genes involved in sex hormone activity that may be relevant to alcohol addiction (cf. Fig. 2 ). More candidate genes may be identified using reviews of the sex hormone metabolic pathway (Miller, 2008; Payne and Hales, 2004) , the Gene Ontology (GO) database (Ashburner et al., 2000; Gene Ontology Consortium, 2006) and the KEGG database (Aoki and Kanehisa, 2005) .
Human studies
A genome wide association study provides evidence for a link between the rs6902771 SNP of the ESR1 gene and alcohol dependence (Treutlein et al., 2009 ). In addition, only a small number of hypothesis-driven human studies have been performed on the associations between the genes involved in sex hormone activity and alcohol addiction-related behaviors. However, genetic polymorphisms of the androgen receptor (AR) and the aromatase (CYP19A1) enzyme were shown to be associated with craving for alcohol during withdrawal. The polyglutamine length of the AR is genetically encoded by a CAGn triplet repeat and is related to serum testosterone levels in humans. This association is subject to a sexual dimorphism; the polyglutamine length is correlated positively with serum testosterone levels in males (Crabbe et al., 2007; Krithivas et al., 1999; Travison et al., 2010) and negatively in females (Westberg et al., 2001) . This genetic polymorphism is functionally relevant in that the CAGn copy number is negatively correlated with the transcriptional activity of the receptor (Chamberlain et al., 1994; Irvine et al., 2000) . Recently, an association between the length of the CAGn AR repeat and alcohol craving during withdrawal has been reported (Lenz et al., 2009 ). The shorter the polyglutamine tract, the higher the patients scored on the total and obsessive subscales of the obsessive compulsive drinking scale (OCDS). This psychometric instrument quantifies obsession and compulsivity related to craving and drinking behavior, including thoughts of drinking, urges to drink and the ability to resist those thoughts (Anton et al., 1996) . This finding is well supported by the previous observations of a link between the CAGn repeat number and testosterone levels (Krithivas et al., 1999; Travison et al., 2010) and by the link between plasma testosterone levels and alcohol withdrawal symptoms (Ruusa and Bergman, 1996) . Another mechanism has been suggested to mediate the link between the genetic AR polymorphism and craving. Several authors link appetite-regulating peptides, such as leptin and ghrelin, to the neurobiology of alcohol addiction and especially to cravings for alcohol (Addolorato et al., 2009; Hillemacher et al., 2007; Kiefer et al., 2001a Kiefer et al., ,b, 2005 Leggio, 2010; Wurst et al., 2007) . Accordingly, leptin was found to mediate approximately 40% of the observed relationship between the CAGn AR polymorphism and alcohol-craving (Lenz et al., 2010) . Leptin is negatively correlated with male serum testosterone levels (Behre et al., 1997) and is positively associated with craving Kiefer et al., 2001a,b) . This appetite-regulating peptide acts on neurons of the lateral hypothalamus and the VTA. It thereby modulates firing rates of mesolimbic DA neurons (Hommel et al., 2006; Leinninger et al., 2009) , the sensitization of which is suggested to underlie the transformation from ''wanting'' into powerful drug craving Berridge, 1993, 2000) . The relationships between the polyglutamine length of the AR, leptin and craving may be useful for clinical decisions in the future, as both leptin and cravings have predictive value for alcohol relapse (Bottlender and Soyka, 2004; Kiefer et al., 2005) . Hillemacher et al. (2009) showed that adipocytokine levels change during alcohol withdrawal. Whereas there is no significant sex difference in adiponectin levels in newborns (Kotani et al., 2004) , adult women show higher peripheral levels than men (Sun et al., 2009) , suggesting an involvement of the sex hormone axis. However, one study found no contribution of adipocytokines to the relationship between the CAGn AR polymorphism and craving in alcohol-dependent patients (Lenz et al., 2011b) .
Alcohol is thought to promote the aromatization of androgens during estrogen biosynthesis (Purohit, 2000) . This reaction is catalyzed by aromatase (CYP19A1), which promotes three successive hydroxylations of the A ring of androgens (Fig. 2) . Functionally relevant polymorphisms of aromatase are related to peripheral sex hormone levels (Jasienska et al., 2006; Kidokoro et al., 2009 ). In particular, the higher the number of TTTAn repeats in the exon 4-intron 5 boundary region of the aromatase gene, the lower the testosterone and the higher the estradiol levels in males (Peter et al., 2008) . Another report correlated the length of the TTTAn repeat polymorphism and craving during alcohol withdrawal. Patients with longer TTTAn repeats have higher OCDScompulsive scores (Lenz et al., 2011a) . These results further support the modifying role of aromatase in addictive behavior.
Altogether, the above results regarding the associations between alcohol craving, the AR gene and aromatase indicate that sex hormone activity underlies the pathogenesis of alcohol craving. Both the AR and the aromatase enzyme regulate sex hormone levels throughout life, and the genetics of the AR are linked to human leptin levels (Fig. 5) . Hence, together with the report of an association between the rs6902771 SNP of the ESR1 gene and alcohol dependence (Treutlein et al., 2009) these findings support our model of the early and continuous activity of sex hormones in alcohol addiction. 
Animal studies
There is convincing evidence from basic neuroscience research that the modulation of sex hormone receptors alters cerebral and particularly mesolimbic DA levels, exhibiting reward-related neurochemical effects that cause alcohol addiction-linked behavior. Androgens (Alderson and Baum, 1981; Hernandez et al., 1994) and estrogens (Becker, 1999; Di Paolo et al., 1985; Lammers et al., 1999; Landry et al., 2002; McEwen, 2002) similarly trigger DA responses in the nucleus accumbens and the striatum. This may sensitize the brain to the reinforcing properties of alcohol. In rats, ARs are expressed in the SN and in VTA neurons projecting to the nucleus accumbens (Creutz and Kritzer, 2004; Kritzer, 1997) . ESRs are widely expressed in midbrain dopaminergic neurons (Creutz and Kritzer, 2002) , in limbic structures and in areas associated with learning and memory (Shughrue et al., 1997) . Testosterone and its more potent 5a-reduced metabolite, DHT, cause a down-regulation of the AR in the choroid plexus (Alves et al., 2009 ) and cerebral cortex in mice. This effect is mediated by sex hormone-induced alterations of DNA methylation in the core promoter region of the AR gene (Kumar and Thakur, 2004) . Conversely, testosterone treatments in castrated mice lead to a dose-dependent, linear upregulation of AR expression in brain areas linked to typical male behavior (i.e., the bed nucleus of the stria terminalis, the medial preoptic area, and the dorsal and ventral aspects of the lateral septum) (Lu et al., 1998) . Altogether, the regulation of sex hormone receptors by their ligands appears to be specific to the tissue and age of the rodent investigated (Kerr et al., 1995; Kumar and Thakur, 2004; Turgeon and Waring, 2000) .
Blockade of ARs and ESRs reduces the ability of the AAS nandrolone (19-nortestosterone) to modulate the acute rewardrelated neurochemical effects of amphetamines in rats (KurlingKailanto et al., 2010) . In mice, winning territorial disputes selectively enhances androgen sensitivity via up-regulation of ARs in the nucleus accumbens and VTA (Fuxjager et al., 2010) . These adaptations may directly affect neuroplasticity related to addictive behavior (Kelley, 2004; McBride et al., 1999) . In addition, chronic alcohol intake in mature male rats feeds back on ARs and decreases their density in the mediobasal hypothalamus and the adenohypophysis (Babichev et al., 1989) .
In summary, both sex hormones and alcohol modulate sex hormone receptor functionality in addiction-related areas of the rodent brain. These effects may initiate critical neuroadaptations that render brain reward systems hypersensitive to alcohol, possibly facilitating the development of alcohol addiction.
Handedness and the 2D:4D ratio as peripheral biomarkers of early sex hormone activity in alcohol addiction
The identification of reliable peripheral biomarkers for risk assessment, clinical diagnosis and prognosis of alcohol dependence may be beneficial in developing preventive and therapeutic strategies. Having easy access to these markers would further enhance their practical value. Given the close link between the sex hormone axis and alcohol dependence, biomarkers for sex hormone exposure are interesting in terms of their clinical use. Moreover, markers for sex hormone exposure during different periods in life may enable the identification of developmental periods during which the individual is at increased vulnerability. Early in life, sex hormone exposure is thought to influence handedness and the 2D:4D ratio. These characteristics are easily measurable peripheral markers of cerebral lateralization (Bourne, 2005; Bourne and Gray, 2009; Coulson and Lovett, 2004; Knecht et al., 2000; Proverbio et al., 2006 ). An abnormal cerebral dominance is linked to several mental disorders, including schizophrenia (Crow, 1997; Klar, 1999; Satz and Green, 1999) , autism (Cornish and McManus, 1996; Hauck and Dewey, 2001) , depression (Denny, 2009; Hecht, 2010) , anxiety, and alcohol dependence (Denny, 2011; Harburg, 1981; London et al., 1985; McNamara et al., 1994; Nasrallah et al., 1983; Sperling et al., 2000 Sperling et al., , 2010 , suggesting a common pathophysiological mechanism.
The organizational and activational effects of sex hormones on cerebral lateralization
The corpus callosum, which connects the left and right cerebral hemispheres, develops at sex-specific rates in children and adolescents (Luders et al., 2010) . The volume of frontal and parietal gray matter reaches its peak 1 year earlier in females than in males, a finding that is in agreement with the earlier age of puberty onset in females (Giedd et al., 1999 (Giedd et al., , 2009 . During adolescence, there is a greater increase of white matter volume in boys than in girls (De Bellis et al., 2001; Lenroot and Giedd, 2006; Lenroot et al., 2007) . The human sensitive period for the organizational effects of sex hormones lasts at least until the mid-twenties, when full maturity of the brain is reached . The growth rates in the adolescent brain are linked to the number of CAGn repeats in exon 1 of the AR gene (Perrin et al., 2008) . This fact is functionally relevant in that the number of CAGn repeats is inversely proportional to the transcriptional activity of the AR (Chamberlain et al., 1994; Irvine et al., 2000) . Perrin et al. (2008) suggested that testosterone activity affects axonal caliber rather than the myelin sheath, possibly by influencing neurofilaments (Hoffman et al., 1987; Marszalek et al., 1996) . However, this relationship is not firmly established and more experimental work is required to test the causality between testosterone and increases in brain volume.
Two hypotheses have been proposed to explain the impact of prenatal testosterone on cerebral lateralization. The GeschwindBehan-Galaburda hypothesis states that high prenatal testosterone interferes with the development of the left hemisphere, thereby favoring the development of the right hemisphere and lefthandedness (Geschwind and Behan, 1982; Geschwind and Galaburda, 1985) . By contrast, Witelson's callosal hypothesis (Witelson, 1985 (Witelson, , 1991 Witelson and Nowakowski, 1991) suggests that there is a link between left-handedness and decreased prenatal testosterone, which may lead to reduced axon elimination, a larger callosal isthmus and functional asymmetry.
In addition to the organizational hypotheses of early testosterone exposure on cerebral lateralization, sex hormones exert activational influences as well. Cerebral dominance varies during the menstrual cycle in females, presumably by regulating interhemispheric spreading of neuronal activation. There is a more bilateral, or at least less asymmetric, cerebral organization during the midluteal phase, which is characterized by high levels of progesterone when compared with levels during menses, which is correlated with stronger lateralization patterns. Hemispheric dominance does not differ between normally cycling women during the menses, postmenopausal females and men (Hausmann and Gü ntü rkü n, 2000; Hausmann, 2005) . In addition, hormone replacement therapy exhibits specific effects on brain asymmetries (Bayer and Erdmann, 2008; Doty et al., 2008) . Taken together, the available evidence strongly suggests an organizational and activational role of sex hormones in human brain development and brain lateralization, influences that act until at least the mid-twenties. Hemispheric dominance is associated with the easily measurable peripheral biomarkers of handedness and the 2D:4D ratio (Fig. 6 ).
Handedness and sex hormones
Approximately 90% of humans are right-handed (Gilbert and Wysocki, 1992; Medland et al., 2003; Peters et al., 2006) . Although there are a few pathological exceptions, left-handedness is considered a natural phenomenon.
Serum testosterone levels are higher in left-handed subjects (Tan, 1991) . Testosterone and estradiol levels correlate negatively with the degree of right-hand preference in right-handed individuals (Tan, 1992) . There are higher levels of salivary testosterone in right-handed people of both sexes (Gadea et al., 2003; Moffat and Hampson, 1996) . However, recent studies did not detect differences in salivary testosterone levels between lefthanded and right-handed individuals (Beaton et al., 2010; Moffat and Hampson, 2000; Vuoksimaa et al., 2010) . These controversial results may be due to the differences in the age of the studied cohorts (Vuoksimaa et al., 2010) . These results suggest also that handedness represents an organizational rather than an activational effect of sex hormone activity.
To directly investigate the model of early testosterone action in the determination of handedness, sex hormone samples from healthy fetuses would be needed in a longitudinal study. That is hardly feasible. However, an alternative approach to investigate the effect of prenatal testosterone exposure on handedness is to compare females of same-sex twins with females of opposite-sex twins. Although the concept of prenatal testosterone transfer should be applied carefully (Vuoksimaa et al., 2010) , it is thought that girls in opposite-sex twin pairs are exposed to elevated testosterone levels prenatally. In line with Witelson's callosal hypothesis, women from opposite-sex twin pairs are more likely to be right-handed (Vuoksimaa et al., 2010) , although one study did not find this association (Medland et al., 2009 ). Another approach is to investigate testosterone levels in newborns. Tan and Tan (2001) reported higher levels of free testosterone in the umbilical cord blood of neonates classified as right-handed according to their grasp reflex.
In summary, prenatal testosterone promotes the development of right-handedness. However, the relationship between handedness and sex hormone levels in adulthood is controversial. These results indicate that the development of handedness reflects organizational rather than activational effects of sex hormone activity.
Handedness and alcohol addiction
Handedness is implicated in alcohol dependence and addictive behaviors. In a large data set (n = 27,428) across 12 European countries (mean participant age >50 years), Denny (2011) found a higher frequency of alcohol consumption in left-handed than in right-handed individuals. This result agrees with the majority of studies, which report a higher percentage of left-handedness in patients with alcohol dependence (Harburg, 1981; London et al., 1985; McNamara et al., 1994; Nasrallah et al., 1983) , although one investigation (Poikolainen, 2000) failed to detect any relationship. Similarly, a recent study demonstrated that more left-handed or ambidextrous participants developed alcohol addiction than righthanded people (Sperling et al., 2000 (Sperling et al., , 2010 . Interestingly, higher levels of testosterone were detected in both non-right-handed male patients and in Lesch type IV patients in this study. Lesch type IV patients are characterized by cerebral damage during brain development and conduct disorder during childhood (Lesch et al., 1988) . These findings support our model proposing early effects of sex hormones in alcohol addiction.
The higher prevalence of left-handedness among alcohol dependent patients raises the question of whether prenatal alcohol exposure modulates the handedness of the offspring. Studies on fetal alcohol syndrome (FAS) may partially answer this question. Indeed, children with FAS are more likely to be lefthanded than normal children (Domellö f et al., 2009 ). In addition, prenatally alcohol-exposed individuals show higher rates of delinquency and conduct disorder in later life (Schonfeld et al., 2005) compared with normally developing children. Altogether, it may be concluded that early exposure to testosterone influences the development of handedness, which is associated with alcohol addiction.
The 2D:4D ratio and early exposure to sex hormones
The 2D:4D ratio is suggested to be a suitable biomarker for prenatal exposure to sex hormones (Fig. 6) .
Sex hormone activity affects the early development of the phalangeal anlagen and digit growth via regulation of the HOX genes in embryonic cartilaginous tissue (Forstmeier et al., 2010; McIntyre, 2006) . The density of sex hormone receptors is associated with the maturation and growth of the fetal skeleton (Ben-Hur et al., 1997; Zheng and Cohn, 2011) . Because the sensitive periods for the influence of sex hormones on growth are specific for each bone, the ratios between the lengths of single digits allow for the determination of sex hormone exposure during specific developmental periods. As such, the 2D:4D ratio is now widely accepted as a biomarker for prenatal testosterone exposure (Breedlove, 2010; Hö nekopp and Watson, 2010; Jackson, 2008; Stoyanov et al., 2009; Zheng and Cohn, 2011 ; for a critical discussion: Berenbaum et al., 2009; McIntyre, 2006; Wallen, 2009) . Multiple lines of evidence support the view that prenatal testosterone exposure reduces the 2D:4D ratio whereas estradiol increases this ratio (Manning et al., 1998) . The fetal testosterone/ estradiol ratio obtained from amniocentesis is negatively correlated with the 2D:4D ratio 2 years after birth (Lutchmaya et al., 2004) . Moreover, the sexual dimorphism of a lower 2D:4D ratio in males is well established by numerous clinical trials (Buck et al., 2003; Jurimä e et al., 2008; Manning et al., 2004 Manning et al., , 2007 Nicholls et al., 2008; Robertson et al., 2008; Tan, 2008; Ypsilanti et al., 2008) . Twin studies report that women from opposite-sex twin pairs have a lower 2D:4D ratio (van Anders et al., 2006; Voracek and Dressler, 2007) compared with women from same-sex twin pairs. Interestingly, a recent meta-analysis provided persuasive data showing that the 2D:4D ratio is not associated with adult sex hormone levels in the healthy population (Hö nekopp et al., 2007) . This confirms the validity of the 2D:4D ratio as a reliable biomarker for early sex hormone exposure. In addition, this relationship is corroborated by pathological human conditions. Human adrenal hyperplasia is associated with a lower 2D:4D ratio (Brown et al., 2002; Ö kten et al., 2002) , whereas the complete androgen insensitivity syndrome is associated with a higher 2D:4D ratio (Berenbaum et al., 2009) . There is also direct evidence suggesting a causal relationship between sex hormones and the 2D:4D ratio. Experimentally increased prenatal testosterone levels reduce the 2D:4D ratio in rodents (Talarovicová et al., 2009; Zheng and Cohn, 2011) , whereas treatment with estradiol (Zheng and Cohn, 2011) and decreased prenatal testosterone levels following alcohol administration raise the 2D:4D ratio (McMechan et al., 2004) . ARs and ESRs appear to mediate these effects, because the deletion of the AR gene increases the 2D:4D ratio and the deletion of the ESR1 gene decreases the 2D:4D ratio in mice (Zheng and Cohn, 2011) . Nevertheless, there are some limitations to this approach in humans. The 2D:4D ratio has also been linked to ethnicity (Manning et al., 2000a and age in studies of children (McIntyre, 2006) . Moreover, the 2D:4D ratio depends on the method used (e.g., photocopies vs. X-rays). Finally, the association between behavior and the 2D:4D ratio may represent pleiotropic genetic effects rather than prenatal testosterone exposure (Section 7.7) (Hurd et al., 2010) .
The 2D:4D ratio and alcohol addiction
Many studies have established a link between the 2D:4D ratio and sex hormone-driven and addiction-linked human behavior. A low 2D:4D ratio predicts reactive aggression in women (Benderlioglu and Nelson, 2004) and is associated with higher physical fitness in teenagers and adults of both sexes (Hö nekopp et al., 2006) . In addition, women fencers with a lower right hand 2D:4D ratio were shown to be ranked more highly among fencers in the world rankings. The percentage of female left-handers is higher in the fencing sample (21%) than in the general population. Lefthanded female fencers had a lower 2D:4D ratio and higher world rankings than those who were right-handed (Bescó s et al., 2009 ). This finding is in agreement with those showing that the 2D:4D ratio of the right hand is lower in left-handed than in right-handed fencers (Voracek et al., 2006) . The interaction between the sex hormone axis, handedness, the 2D:4D ratio, athleticism, and aggression/impulsivity raises the question whether the 2D:4D ratio is also connected to alcohol dependence. Indeed, alcoholdependent men and women have lower 2D:4D ratios and reduced right-left differences (2D:4Dr-l) in comparison to healthy controls (Kornhuber et al., 2011) . Because low 2D:4Dr-l values have also been linked to high prenatal testosterone load (Manning, 2002, pp. 21-22) , these findings support our early sex hormone activity model of alcohol addiction. Interestingly, this study found no associations between the 2D:4D ratio and the severity of alcohol dependence or craving during withdrawal, suggesting that early testosterone exposure increases the risk for the development of alcohol addiction but does not influence the course of the disease (Kornhuber et al., 2011) . The 2D:4D ratio alone is as specific and sensitive as gamma-glutamyl transferase (GGT) activity in diagnosing alcohol dependence (Conigrave et al., 2003) . Moreover, high alcohol consumption was correlated with a low 2D:4D ratio in a large non-clinical sample of men and women in the BBC Internet Study (n = 168,748) . National means of alcohol consumed (in liters) per capita per year correlate negatively with the national 2D:4D ratios (Manning and Fink, 2011) . These findings provide strong evidence for a link between early sex hormone exposure and the pathogenesis of alcohol addiction and suggest that early testosterone exposure is an independent causal factor (Kornhuber et al., 2011) .
Altogether, available evidence suggests that the 2D:4D ratio is a suitable biomarker of early exposure to sex hormones. The reduced 2D:4D ratio in alcohol-dependent patients supports our ''critical period'' model and indicates that prenatal programming by sex hormones is a crucial mechanism in the development of alcohol dependence. Therefore, the combinatorial effect of exposure to both internal (genetically determined) and external (environmentally determined) sex hormone exposure in utero may determine the risk of establishing alcohol addiction throughout life.
Handedness and the 2D:4D ratio
Findings regarding the relationship between handedness and the 2D:4D ratio have been equivocal. Specifically, a series of studies demonstrated an association between a lower 2D:4D ratio and enhanced left hand performance (Fink et al., 2004; Manning et al., 2000b; Nicholls et al., 2008) . In contrast, Ypsilanti et al. (2008) demonstrated that right-handed individuals with intellectual disability of unknown idiopathic origin have a lower 2D:4D ratio in both hands than left-handed people. In addition, a large Internet-based study (n > 170,000) reported that left-handed individuals have a low 2D:4Dr-l, a low 2D:4D ratio in their right hand and a high 2D:4D ratio in their left hand when compared to the overall average 2D:4D ratio (Manning and Peters, 2009) . Another radiographic assessment did not find a relevant association between the 2D:4D ratio and handedness (Robertson et al., 2008) . In summary, there are considerable inconsistencies in the literature regarding the relationship between handedness and the 2D:4D ratio (Beaton et al., 2010) . Because handedness and the 2D:4D ratio are markers of different stages of human development, a lack of a correlation does not necessarily indicate a theoretical inconsistency (Jackson, 2008) . Fig. 7 illustrates the effect of sex hormones on human behavior, alcohol intake, handedness, total digit length and the 2D:4D ratio during different periods of life. Sex hormones influence behavior in a variety of ways throughout one's entire life. Their effects on alcohol drinking behavior become evident during adolescence, which should be understood as a combination of activational and organizational effects (Hibell et al., 2009; Knopik et al., 2004; Young et al., 2002) . Prenatal testosterone levels have a major impact on handedness. Although there is a lack of consensus in the literature, postpubertal exposure to testosterone most likely affects handedness as well (Jackson, 2008; Pfannkuche et al., 2009) . Total digit length is influenced by prenatal and postnatal sex hormone levels. It correlates moderately with height, sex differences of which become increasingly apparent after puberty (Lippa, 2006) . Finally, sex hormones influence the 2D:4D ratio in utero when the testicles develop and androgen levels increase in male fetuses. The 2D:4D ratio does not change between the 9th week of gestation and birth (Malas et al., 2006) . However, there is evidence of an increase in the 2D:4D ratio later in childhood (McIntyre et al., 2005 . 7.7. Cellular effects of sex hormone activity and their relationship to cerebral lateralization, handedness and the 2D:4D ratio
To date, only few human and animal studies have investigated the role of genes related to sex hormone activity in the development of cerebral lateralization, handedness and the 2D:4D ratio.
In gonadally intact male rats and in testosterone-treated females, a higher number of AR-positive CA1 (Cornu Ammonis area 1) cells are found in the left hippocampus than in the right (Xiao and Jordan, 2002) . Accordingly, in fetal male rhesus monkeys, AR density differs across cerebral hemispheres; higher expression levels are observed in the left temporal lobe and the right frontal lobe when compared to the contralateral regions. Consistent with the lower degree of lateralization in females, AR density does not vary between the hemispheres in female monkeys (Sholl and Kim, 1990) . These findings indicate that interhemispheric differences in AR expression are involved in the development of structural and functional brain lateralization.
Three large twin studies have examined the genetics of handedness. In essence, this research attributes approximately 25% of the variance in adult handedness to additive genetic effects (Medland et al., 2006 (Medland et al., , 2009 Vuoksimaa et al., 2009) . Doyen et al. (2008) reported that 24% of the genetic variance can be explained by the length of the polyglutamine stretch of the AR. CAGn length is positively correlated with testosterone levels in men and negatively correlated in women (Crabbe et al., 2007; Krithivas et al., 1999; Travison et al., 2010; Westberg et al., 2001 ). Accordingly, left-handedness is related to fewer CAGn repeats in males and more repeats in females (Medland et al., 2005) , which is in line with Witelson's hypothesis regarding corpus callosum development.
Twin studies (Medland and Loehlin, 2008; Paul et al., 2006) consistently show that the 2D:4D ratio is highly hereditary (>65% heritability). For this reason, the validity of the ratio as a pure retrospective biomarker of prenatal testosterone exposure was recently questioned (Medland et al., 2010) . Hurd et al. (2010) reported that men with fewer CAGn repeats in the AR tend to have higher left-hand 2D:4D ratios compared with men with more CAGn repeats. In contrast, Manning et al. (2003) found that more CAGn repeats are associated with a higher right-hand 2D:4D ratio and a larger difference in 2D:4D ratios between the right and left hands (2D:4Dr-l). Furthermore, the genetics of the ESR1 is linked to the 2D:4D ratio. Approximately 11% of the variation in digit ratio of zebra finches is explained by a polymorphism of the ESR1 (Forstmeier et al., 2010) .
In summary, handedness and the 2D:4D ratio represent validated peripheral biomarkers for sex hormone exposure during different periods of human development. Although few studies have been performed with respect to these factors, both metrics are also associated with functional genetic polymorphisms of the sex hormone axis.
7.8. The relationship between handedness, the 2D:4D ratio and alcohol addiction Sex hormone activity has a lasting organizational effect on the structural development of the human brain. The 2D:4D ratio and handedness are biomarkers for prenatal exposure to sex hormones (Fig. 8) . Prenatal exposure to an increased androgen/estrogen ratio causes a low 2D:4D ratio, which is also related to alcohol addiction. However, the significance of handedness is limited because of reports of sex hormone-induced effects after puberty. We speculate that the exposure to an increased androgen/estrogen ratio during early development results in left-handedness, particularly in Lesch type IV alcohol dependent patients, who are characterized by prenatal cerebral impairment (Lesch et al., 1988) . Left-handedness is a validated risk factor for alcohol dependence. Therefore, we argue that both handedness and the 2D:4D ratio serve as valid and easily measurable peripheral biomarkers for the organizational cerebral effects of sex hormones. These measures are implicated in the reported distinct sex differences in alcohol addiction and affect the brain's sensitivity to the reinforcing properties of alcohol.
Potential preventive and therapeutic targets of the sex hormone axis
There is already a considerable number of pharmacological treatment strategies and non-pharmacological associations with preventive and therapeutic potential for the modulation of the sex hormone axis. Among these associations are pre-and perinatal factors, such as antenatal maternal stress (AMS), malnutrition, low birth weight and maternal smoking during pregnancy. Postnatal associations include lifestyle factors, such as drinking green tea, environmental pollution, partnership status, age, body mass index (BMI), abdominal fat, muscle strength, smoking, sleep and physical activity. Hence, further clarifying the causal role of sex hormone activity in the etiopathogenesis of alcohol dependence may allow the development of preventive and therapeutic strategies in the near future.
Pharmacological targets
Pharmacological targets exist at all levels of the sex hormone axis. There are already many substances in clinical use that modulate the signaling of androgens, estrogens and gestagens. These include synthetic steroids and anti-steroids that either activate or block steroid receptors or modulate the enzymes relevant for the metabolism of sex hormones, such as aromatase or SRD5A2. In spite of the great number of these sex hormone modulators, there are few published studies on the effects of these compounds on alcohol-associated disorders. In humans, the SRD5A2 inhibitor finasteride attenuates subjective responses to self-administered alcohol in moderate drinkers (Pierucci-Lagha et al., 2005) . In male mice, the intraperitoneal injection of finasteride decreases voluntary alcohol intake and prevents the development of alcohol preference (Ford et al., 2005 (Ford et al., , 2008 . Moreover, the LH-releasing hormone agonist leuprolide attenuates the expression and development of alcohol dependence and sensitization in male mice (Umathe et al., 2008) . The SERM toremifene was shown to be partially protective against alcoholinduced liver lesions in female rats (Jä rvelä inen et al., 2001) . Astonishingly, to the best of our knowledge, there are currently no clinical studies available that investigate the potential benefit of pharmaceuticals that interfere with the sex hormone axis in patients suffering from alcohol dependence. However, once we better understand the components of the sex hormone axis that underlie the pathogenesis of alcohol dependence, there will be the need to test these substances for their benefit in the prevention and treatment of alcohol dependence and related addictive behaviors.
Antenatal maternal stress, nutrition and smoking behavior
Results from clinical and preclinical studies indicate that AMS, malnutrition and smoking behavior contribute to the development of alcohol addiction in later life. A clinical study on pregnant women reports a correlation between amniotic fluid levels of cortisol and testosterone. This finding suggests a link between AMS and increased prenatal testosterone exposure (Sarkar et al., 2008) . The idea that AMS contributes to the development of alcohol addiction in adulthood via modulation of prenatal sex hormone exposure is supported by a number of experimental studies. In rodents, AMS shapes behavioral and biological profiles of the offspring. It causes behavioral masculinization with increased circulating testosterone levels in the female offspring and behavioral infantilization in the male offspring. Accordingly, AMS entails sex-specific alterations of AR and ESR1 expression in the CNS (medial preoptic area, nucleus arcuatus of the hypothalamus, CA1 region of the hippocampus) (Sachser et al., 2011) . Interestingly, a recent investigation revealed an association between AMS and a reduced 2D:4D ratio of the offspring (Lilley et al., 2010) . In line with our early sex hormone activity model of alcohol addiction, AMS affects the brain reward system and results in a higher operant responding and alcohol intake during alcohol reinforcement (Campbell et al., 2009) . Moreover, prenatal stress also modulates behavioral (locomotor reactivity to novelty) and pharmacological (induction of DFosB in the nucleus accumbens) effects of alcohol (Van Waes et al., 2011) .
Maternal malnutrition causes low birth weight of the offspring (Martorell and Gonzá lez-Cossío, 1987) , a factor that has been shown to be related to reduced testosterone concentrations in preterm newborns born small for gestational age (Scaramuzzo et al., 2010) and in adults (Vanbillemont et al., 2010) . Unexpectedly, this relationship is not found in adolescents (Boonstra et al., 2008; Kerkhof et al., 2009 ). The investigation of individuals born during the Dutch Hunger Winter (1944) (1945) at the end of World War II gives insight into the role of perinatal malnutrition and pathologies in later life. The exposure to famine before birth and during the early neonatal period is a risk factor for an array of diverse disorders in adulthood, such as early onset coronary artery disease (Painter et al., 2006b ), breast cancer (Painter et al., 2006a) , congenital anomalies of the central nervous system , impaired cognitive function (de Rooij et al., 2010) , schizophrenia spectrum disorders , alcohol dependence and drug abuse (Franzek et al., 2008) . The observation that exposure to hunger during the first trimester is associated with addiction of males in later life (Franzek et al., 2008 ) is in line with our early sex hormone activity model of alcohol dependence. Moreover, maternal smoking behavior during pregnancy causes low birth weight and fetal growth restriction (Vardavas et al., 2010) , altering the sex hormone axis of the offspring (RamlauHansen et al., 2008) . We therefore consider AMS, malnutrition, birth weight and smoking behavior as potential preventive and therapeutic targets to address alcohol addiction in adulthood. However, our model does not posit that the development of alcohol dependence follows an all-or-none principle. In rats, social experiences may restore or at least ameliorate the behavioral deficits that arise due to the lack of sex hormones during early development. This effect indicates that the social context influences the same neural pathways and mechanisms as do sex hormones (Schulz et al., 2009a) . Moreover, differences in addictive behavior that are associated with sexual maturation disappear when risky behaviors become more common in the adolescent peer group (Bratberg et al., 2005; Dick et al., 2000) .
Lifestyle factors
Green tea is thought to be protective against breast cancer, possibly due to its effects on sex hormone signaling (Sartippour et al., 2006; Shrubsole et al., 2009; Wu and Butler, 2011; Zhang et al., 2009 ). Its consumption is associated with reduced peripheral estrogen levels in Asian women (Nagata et al., 1998; Wu et al., 2005) . Green tea contains diverse phytochemical compounds, particularly catechins that influence different biological mechanisms, including the sex hormone axis. The most abundant catechin in green tea is the polyphenol epigallocatechin gallate (EGCG). It modulates enzymes relevant for the synthesis and degradation of estradiol, e.g., the inhibition of aromatase and cytosolic catechol-O-methyltransferase (COMT) in the human liver (Goodin and Rosengren, 2003; Nagai et al., 2004; Satoh et al., 2002) . In addition, in vitro studies show that EGCG down regulates ER function in breast cancer cells (Farabegoli et al., 2007) and AR expression in a prostate cancer cell line (Ren et al., 2000) .
There are other, presumably causal factors that have been shown to be associated with sex hormone levels in humans, such as environmental pollution, being ''in love'', partnership, marital status, age, BMI, sleep quality and physical activity. Accordingly, there is evidence that the exposure to endocrine-disrupting chemicals that are generated by environmental pollution (e.g., hexochlorobenzene, polychlorinated biphenyls) affect sex hormone function, causing an earlier onset of puberty and an elevated male/female ratio in human adolescents (Croes et al., 2009; Den Hond et al., 2011) and zebrafish (Lyche et al., 2011) . Moreover, ''falling in love'' is associated with reduced testosterone concentrations in men and increased levels in women (Marazziti and Canale, 2004) . Singles have higher peripheral testosterone levels than monoamorously partnered women and men (van Anders and Watson, 2006; van Anders and Goldey, 2010) . In contrast, being married is related to lower total and bioavailable testosterone (Atlantis et al., 2009) . Interestingly, data derived from experiments in rats suggest that the reinforcing effects of sexual behavior may be equally strong as those of alcohol (Pfaus et al., 2010) . Furthermore, a younger age, a low BMI, low abdominal fat, low triglycerides, low muscle strength, smoking, high-intensity exercise and long duration of sleep are linked to higher levels of total peripheral and bioavailable testosterone in middle-aged healthy men (Atlantis et al., 2009; Barrett-Connor et al., 2008; Goh et al., 2007; Goh and Tong, 2011; Hall et al., 2008; Suzuki et al., 2009; Travison et al., 2007; Wu et al., 2008) . In women, physical activity was found to be associated with lower levels of 17b-estradiol (Emaus et al., 2008) . With respect to the impact of sex hormones on cancer development and rate of tumor growth, the discussed relationship between physical activity and sex hormones corresponds to the beneficial effects of physical exercise on the risk for colon, breast and endometrial cancers (Bernstein, 2008; Friedenreich et al., 2010; McTiernan, 2008) . Interestingly, age as a risk factor may be overcome by a healthier lifestyle (Yeap et al., 2009) . A recent Cochrane Review demonstrated that the combination of dietary, exercise and behavioral interventions is effective in the treatment of hyperandrogenism (such as high testosterone) in females suffering from polycystic ovary syndrome (Moran et al., 2011) , suggestive of a causal relationship. Hence, if one accepts the relationships between lifestyle and sex hormones as causal, one should consider a systematic change in lifestyle as a potential strategy to modulate the sex hormone axis for the prevention and treatment of alcohol addiction.
Summary, conclusions and perspectives
Alcohol-associated disorders are among the leading preventable causes of death across the globe. The aim of this review is to outline the current knowledge on the relationship between the activational and organizational effects of the sex hormone axis and alcohol dependence. The relevance of the topic is illustrated by a vast number of basic science and applied research studies. There are definite sex differences in the prevalence, onset and course of alcohol addiction. Differences are also found in alcohol drinking behaviors, the physiological and behavioral consequences of alcohol use, the degradation of alcohol, its reinforcing properties and the underlying intra-and intercellular molecular pathways. Moreover, pathological alcohol consumption begins during adolescence, a period characterized by distinct, sex hormone-driven neurodevelopmental changes.
Sex hormone activity is not limited to sex hormones per se but must be extended to include the HPG axis, the biosynthesis and degradation of androgens and estrogens, and their down-stream signaling effects. The intricate, functional interactions between different sex hormones and their interactions with the HPA axis and the opioid system add further levels of complexity to the prediction of how endocrinological profiles shape alcohol addiction-related behaviors.
The relationship between the sex hormone axis and alcohol drinking behavior is bidirectional. Consistent with the definition of activational effects, sex hormone activity modulates alcoholassociated addictive behaviors, such as craving, preference and drinking. Intriguingly, the effects of single sex hormones on addictive behaviors differ between the genders. The clinical phenomenon of AAS dependence may be cited as direct evidence for the modulating capacity of sex hormones in human addictive disorders. Acute and chronic alcohol consumption feed back on sex hormone activity with subsequent changes in alcohol drinking behavior. This indicates that the role of the sex hormone axis in alcohol dependence may shift during the course of the disease. However, this idea warrants further investigation of sex hormone activity during different stages of alcohol dependence.
There would be a great benefit in the identification of reliable and easily quantifiable biomarkers for the clinical diagnosis and prognosis of alcohol dependence. Left-handedness and a low 2D:4D ratio are associated with alcohol addiction. These peripheral biomarkers vary in their sensitive window for sex hormone exposure and thus represent different stages of human development. We speculate that the organizational effects of sex hormones trigger neuroadaptive changes that sensitize the brain's reward system to the reinforcing properties of alcohol, thereby predisposing an individual to alcohol addiction. In particular, prenatal programming by sex hormones may represent a crucial mechanism in the development of alcohol dependence. The combination of exposure to internal (genetically determined) and external (environmentally determined) sex hormones in utero and during early development contributes to the risk of establishing alcohol addiction later in life. Furthermore, this model also implies that the sensitive period to both organizational and activational effects of sex hormones continues throughout one's lifetime.
Our understanding of the sex hormone activity-related mechanisms that underlie the development and course of alcohol dependence is incomplete; several controversial findings on sex hormones and alcohol addiction require additional investigation. Future studies, particularly on the role of the biosynthesis, signaling and degradation of sex hormones are needed. Also required are analyses into peripheral biomarkers of lifetime sex hormone activity. Studies should be more specific given the high phenomenological heterogeneity of alcohol-dependent patients. Moreover, it is clear from the fact that findings from male-only studies cannot be easily applied to females that investigations of alcohol addiction must be performed separately for males and females. Studies of females should in turn more carefully consider confounding variables, such as the use of oral contraceptives, hormone therapy, pre-and postmenopausal status and the physiological and alcohol-induced pathological changes of sex hormone activity during the menstrual cycle.
Several pharmacological and potential non-pharmacological targets for the modulation of the sex hormone axis are available, such as AMS, prenatal malnutrition, low birth weight, and maternal smoking during pregnancy. Other factors include lifestyle characteristics, such as green tea consumption, environmental pollution, BMI, muscle strength, physical activity and smoking behavior. Thus, the clarification of the causal role of sex hormone activity in the etiopathogenesis of alcohol dependence may entail preventive and therapeutic strategies in the near future.
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